Abstract-We review the objectives and techniques used in the control of horizontal axis wind turbines at the individual turbine level, where controls are applied to the turbine blade pitch and generator. The turbine system is modeled as a flexible structure operating in the presence of turbulent wind disturbances. Some overview of the various stages of turbine operation and control strategies used to maximize energy capture in below rated wind speeds is given, but emphasis is on control to alleviate loads when the turbine is operating at maximum power. After reviewing basic turbine control objectives, we provide an overview of the common basic linear control approaches and then describe more advanced control architectures and why they may provide significant advantages.
I. INTRODUCTION
Wind energy is currently the fastest-growing source of electricity in the world. Wind power investment worldwide is expected to expand three-fold in the next decade, from about $18 billion in 2006 to $60 billion in 2016 [1] . In the U.S., where wind currently only provides about 1% of the nation's electricity, wind has the potential to provide up to 20% of the nation's electricity without major changes to the nation's electricity distribution system. However, there are still many unsolved challenges in expanding wind power. In this paper, we will overview the standard controls as well as recently developed advanced controls for variable-speed, horizontal axis wind turbines. For a more general tutorial on wind turbines, see [2] and the references therein It is becoming more common for modern turbines to provide individual pitch actuators at each blade so that the number of control inputs available to the system designer is increased above the traditional generator torque control. Pitch commands to individual actuators are depicted schematically in Fig. 1 . In addition, force/moment sensing or accelerometers can be installed at each blade individually as well as on the nacelle and tower. These additional inputs and outputs combine with the fact that the turbine structural modes couple with the drive train and pitch actuation through torque and bending moments to make the wind turbine an inherently multi-input-multi-output (MIMO) system. Indeed, as turbine size increases and weight/cost considerations motivate accommodation of increased flexibility, it becomes more critical to take into account coupling between different structural modes and to utilize more sophisticated control methods to deal with these effects. Further, increased flexibility of turbine structures brings to the fore-front the task of mitigating damaging loads at the blade roots and the tower base.
Advanced control methods for addressing these issues have been investigated for well over a decade (e.g., [3, 4] and additional references reported in [5] ), but apparently most commercial systems are still implemented using multiple single-input-single-output (SISO) loops [5] . Fig. 1 , for example, shows two different controllers for the generator and pitch control loops; if the pitch commands are identical and based only on the high speed shaft velocity , then this configuration comprises two SISO controllers operating independently of each other as in Fig. 2 (a) . In contrast, advanced control approaches are distinguished by the hallmarks that plant uncertainty is explicitly accounted for in the design [6] , a multi-input, multi-output (MIMO) controller is designed that accommodates coupling between loops [7] (Fig. 2 (b) ), or a robust MIMO method is utilized [8] . Additionally, methods employing adaptive [9, 10, 11, 12] or nonlinear techniques [13, 14, 15] have also been reported. Our intention here is to provide an overview of linear controller objectives and designs utilizing deterministic approaches applied to blade pitch and torque control. In addition, we will demonstrate how any feedback architecture can be augmented with a disturbance feedforward compensator utilizing wind measurements that may be available from novel technologies on the horizon. This paper is organized as follows. Section II presents a linearized wind turbine model and the main wind turbine operating regions. We review the standard control methods used in the two main operating regions in Section III. In Section IV, we discuss the design of advanced controllers and focus on a region of wind turbine control where the control objectives are largely regulation and disturbance rejection. This control region provides a fairly well-defined venue for the comparison of several controller architectures.
Our goal is to demonstrate and compare the design of SISO and relatively straightforward MIMO compensators. In Section V, we demonstrate the potential improvement that may be realized when a feedback system is augmented with disturbance feedforward of wind measurements. Finally, we close the paper by discussing ongoing and future challenges in Section VI.
II. REGIONS OF OPERATION AND LINEAR MODELS
In this section we characterize a linearized model of the turbine structural dynamics and view the generator as simply a static (unity) gain that translates commanded torque instantaneously into mechanical torque. There are many studies that focus on generator modeling and control and associated issues [6, 13, 14, 16, 17, 18] , but that is beyond the scope of this article where our focus is on pitch control and its effect on load mitigation and speed regulation.
A wind turbine is inherently nonlinear and time varying. Aerodynamic torques and bending moments depend nonlinearly on wind speed, pitch angle, and tower and blade deflections. Further, there is variation as the rotor turns to position the blades in a turbulent wind profile that varies spatially with respect to the rotor disk even in constant wind conditions. Nevertheless, good results have been obtained using linear, time invariant models of the turbine [19] .
Many of these models are developed analytically by linearizing a turbine model at a particular operating point using blade element momentum (BEM) theory to determine aerodynamic loads and the method of assumed modes [20] to model turbine flexure. Another method is to model the turbine as a system of rigid bodies with flexible linkages [21] (an approach that may also use BEM for aerodynamic loads). More on the modeling of wind turbines can be found in [22] .
Here, we take advantage of a nonlinear model implemented in the FAST code [23] that utilizes Kane's method [24] to numerically simulate the kinematics of a turbine model based on assumed modes and BEM theory with aerodynamic loads calculated by AeroDyn [25] . FAST simulates the turbine in constant (and possibly non-uniform) wind conditions to find a solution that changes only as a function of rotor position and then computes a linearized model by calculating the coefficients describing the perturbation of the system configuration/state with respect to a set of specified input perturbations.
Linearization commonly renders a kinematic system of the form (1) where the M(θ ), C(θ ), K(θ ), F(θ ), and F d (θ ) coefficients are dependent on the operating point and can be parameterized by the rotor azimuth position . The vector of configuration variables represents deviation of the turbine away from the nominal operating point (at each rotor position).
The most complex turbine model we use in this paper includes a single generator degree of freedom (DOF), a flexible drive train mode, and a flap mode for each of three blades. FAST supports up to 24 degrees of freedom for a 3-bladed turbine. The vector represents deviations of blade pitch(es) and/or generator torque from their nominal levels, and represents deviations in hub height wind speed (that occur uniformly across the rotor plane).
The system (1) can be manipulated into state-space form:
where represents the deviation in position or velocity of the configuration variables. The output vector may contain any quantity that can be determined from the system state; we keep track of perturbations in the high- We evaluate a turbine model based on the 600kW, 3-bladed, upwind, variable-speed, horizontal-axis Controls Advanced Research Turbine (CART3) located at the National Renewable Energy Laboratory (NREL). The CART3 has a rated rotor speed of 41.7 revolutions per minute (rpm); the velocity of the low-speed shaft (connected to the rotor) is stepped up by a gear box so that the highspeed shaft and generator run at a rated speed of 1800 rpm.
Changes in the linearized turbine model occur with operating point (total wind speed , rotor speed , and blade pitch ) as the turbine operates in different regions. These regions can generally be described as follows [2] :
• In Region 1, the wind speed is too low to warrant turbine startup. The blades are pitched at full feather (the pitch angle that generates minimum aerodynamic torque). Once the wind speed is large enough (above 5 m/s for the CART3) for machine start-up, the blades are pitched to the normal Region 2 angle. At nominal pitch, the aerodynamic lift is in a direction to produce torque and accelerate the rotor. Once generator speed reaches 430 rpm for the CART3, generator torque is turned on and the turbine begins power production in Region 2.
• In Region 2, the wind speed and the generator torque are below "rated." Blade pitch is held constant at the optimal value that gives maximum aerodynamic torque. Each wind speed has a corresponding rotor speed at which the greatest possible aerodynamic torque is generated. It turns out that when the blade pitch is held at the optimal , there is a constant value , or tip speed ratio (TSR) , (where is blade radius) that maximizes aerodynamic torque . Normally a function of TSR and pitch, the fraction of aerodynamic power obtained from the total wind power is a maximum when . So, the control objective in Region 2 is to command torque so that ω tracks with and gives a TSR of .
• In Region 2½, the wind speeds are approaching those that provide rated power. This is a transition region where the torque command is commonly computed as an affine function of generator speed such that rated torque is reached before the rated generator speed.
• In Region 3, the wind speed is at or above (11.7 m/s for the CART3) that which will generate rated power. The generator torque is held constant at rated, and blade-pitch control is used to limit aerodynamic power by regulating turbine speed at the rated speed. Advanced controls are also designed to mitigate loads on the blades and tower.
With a set of state-space descriptions from FAST, we explore how the linearized models vary with operating point by evaluating the frequency response of the system at various points. First, we use FAST to linearize the turbine at each of 36 rotor positions while the turbine operates at an average speed of 41.7 rpm and a constant blade pitch of 12.6 deg, but with different wind profiles. Two sets of linearizations are obtained in time-constant wind conditions, in line with the nacelle and having average speed of 18m/sec over the plane of the rotor. However, for one set of linearizations the wind conditions are uniform and for the second set the wind has vertical shear so that the horizontal wind speed at the bottom of the rotor differs from that at the top by 40%.
The frequency responses of perturbations in the generator high-speed shaft velocity (HSSV) and flap bending moment at the root of the blades are computed for pitch perturbations made collectively on all blades. This computation is done for the linearized model at each azimuth position. Fig. 3 shows the envelope of magnitude responses obtained by finding the minimum and maximum gain at each frequency over all responses. The top plot depicts HSSV response and the bottom plot depicts bending moment response. Blue solid lines denote the envelope from models obtained in the presence of shear and green solid lines denote the envelope obtained from models in uniform conditions. A "mean" model representing the turbine over all azimuth angles is obtained by computing the average of each of the coefficient matrices in (2). In Fig. 3 the response of the mean models are denoted by dashed red and magenta lines for shear and uniform conditions, respectively. Fig. 3 shows that there is a small amount of variation in the bending moment response and essentially no variation in the HSSV response. The minimal variation observed in the responses suggests that the mean model (averaged across all rotor positions) might suffice as a basis for control design, and that is the approach we take here.
Next, we investigate variation in the mean models for a wider range of operating points in terms of the HSSV response to perturbations in pitch and torque, but in uniform wind conditions. Fig. 4 depicts the envelopes obtained from the averaged models for generator speeds below rated (Region 2) and at rated (Region 3) for various levels of wind speed (uniform with no shear). In Region 2 where speed is regulated via generator torque, there is a fair amount of variance in the turbine response. The two envelopes in Fig.  4 for Region 2 operation show the response in HSSV due to perturbations in generator torque and blade pitch, respectively.
Additionally, there are two envelopes displayed in Fig. 4 for Region 3 operation. One envelope is for operating points at different wind speeds with pitch set to maintain rotor speed at rated and the other is for various pitch angles with a wind speed of 18 m/sec as might occur during transient pitch response. In Region 3 where, in modern utility scale turbines, speed is regulated by adjusting blade pitch angle, less variance is observed in the averaged, linear models across expected operating points. This suggests that a single controller might suffice when operating at rated power.
III. STANDARD WIND TURBINE CONTROL

A. Region 2 Control
In Region 2, the generator torque that achieves is obtained as a function of rotor speed:
where the gain is ,
is the air density, and C pmax is the optimal power coefficient (=C p (λ * ,β * )). By convention, positive is in a direction that decelerates the rotor; that is, (3) is a restorative torque and can be shown to render a stable closed-loop system [2] . As wind speed changes, the rotor is accelerated due to the difference in aerodynamic and generator torque. Adjusting generator torque according to (3) causes the rotor speed to settle correctly so that in constant wind conditions, is achieved. This control law (one that is static and determined by absolute speed rather than speed perturbation) may be augmented with additional dynamic compensation to alleviate loads [26] .
B. Region 3 Control
Referring to Fig. 1 , generator speed is measured and passed to both the torque and pitch controllers. Classical proportional-integral-derivative (PID) control techniques are typically used to design the blade pitch controller for Region 3 [19] to regulate turbine speed in the presence of varying wind conditions. In this case, the perturbations θ ∆ to the nominal pitch are computed as Fig. 5 . The notch provides attenuation of the resonance so that the loop crossover can be placed at 0.2 Hz while retaining more than 10 dB of gain margin at higher frequencies. The time response of this controller to various wind disturbances can be observed (along with more advanced controllers) in Fig.  7 -see Section IV-C for associated details.
IV. ADVANCED CONTROL
A. Advanced Region 2 Control
Much of the advanced control research is logically divided between optimization of power capture in Region 2 and load mitigation in Region 3. In Region 2, research is further divided between investigations that incorporate detailed models of the generator electromechanical system and power electronics and those that view the generator torque in terms of a static gain (as in the previous section) that responds instantly to commanded torque. Where studies involve electromechanical models, advanced research congregates around maximum power point tracking (MPPT) and sliding mode approaches [16] [17] [18] or extremum seeking control [29] . Many of the MPPT and extremum seeking approaches can be considered nonlinear, but they may begin design with at least some form of linearization. In contrast, the techniques in [13] [14] [15] and references therein, incorporate the non-linear relationship between aero-dynamic torque, pitch, and wind speed.
A common theme seems to account for the nonlinear dependence of on its parameters, but not structural nonlinearity. The study in [15] is apparently one of the few that designs for both generator/electromechanical dynamics and the linearized, flexible turbine structure. Additionally, adaptive approaches for maximizing power capture are studied in [11] [12] [13] . Controls for structural load mitigation (typically absent in studies on power capture) has also been developed for use in Region 2. In simulation [26] , these controllers have been shown to reduce blade loading by 24%. In [30] , load mitigating Region 2 controllers were designed and tested on an actual turbine (CART2, a 2-bladed turbine similar to CART3) and shown to significantly reduce tower loads.
B. Advanced Region 3 Control
Time invariant, MIMO methods [3, 4, 7] tend to be the most prevalent in the research of advanced controls for Region 3, but adaptive [9, 10] and novel gain-scheduling [31] approaches are also investigated. Since even under constant wind conditions, the turbine has time-varying, periodic (with each rotation of the rotor) dynamics, work has been done on the use of periodic control [32, 33] and multiblade coordinate (MBC) based control [8, 34, 35] . In [34] , under non-extreme conditions, MBC and periodic control are found to be very comparable and time-invariant control is not far behind.
C. An Example LTI, MIMO, Region 3 Controller
Nearly all of these advanced MIMO methods are statespace based rather than transfer-function based. State-space control techniques lend themselves nicely to MIMO systems, extend naturally to time-varying and periodic control applications, and commonly utilize an observer to estimate system states. These techniques also incorporate models of the wind, either by augmenting the observer with a model of a persistent wind disturbance as in Fig. 6(a) , or indirectly in an output referred sense by augmenting the plant model with dynamics as in Fig. 6(b) . The PID controller from the previous section can be viewed in terms of Fig. 6(b) ; a (persistent, output referred) step disturbance is modeled by the integrator and the proportional, derivative, and notch functions are implemented in the controller . In both of these diagrams the output y may consist of generator, blade, and tower measurements, while the control may include torque and individual pitch commands. When observer augmentation, often referred to as disturbance accommodating control (DAC), is feasible, there can be asymptotically perfect reconstruction of the modeled disturbance in the observer ( ). Then, with an additional matching condition [7] , it is possible to cancel out the effect of this disturbance on the output perfectly through correct selection of the gain . With plant augmentation, the intuitive and explicit interpretation of the disturbance model as being representative of certain types of wind disturbances acting on the turbine is lost. Instead, undesirable, but expected, behaviors in the measured outputs (offsets, once per revolution (1P) oscillations) determine the disturbance model used. In lieu of an intuitive connection with exogenous disturbances, plant augmentation always provides perfect asymptotic rejection of the disturbance at the measured output.
Assuming measurements of HSSV error and blade root bending moments are available, we design a (Region 3) controller using a wind turbine model linearized in uniform, 18 m/sec wind, at a nominal pitch of 12.6 deg, and rated rotor speed of 41.7 rpm. We take the approach in Fig. 6(b) and feed the HSSV speed error to an integrator to reject DC speed errors and feed each bending moment measurement into separate disturbance models each with transfer function .
This guarantees that 1P variations in bending moment can be rejected independently at each blade. A stabilizing controller is then designed for the augmented plant [36] . In implementation, the disturbance models are subsumed into the controller. Often, a majority of the 1P variation in the blade dynamics is the same for each blade, but simply shifted by multiples of 1/3 of a revolution. In this case, designing in a MBC framework can accomplish similar rejection with a significant reduction in controller complexity (three 2 nd -order systems are replaced by a single integrator) [34] .
Our resulting (non-MBC) controller is simulated with the full non-linear model of the CART3 provided by FAST. As shown in Fig. 7 , the closed-loop turbine is subjected to a wind that has a uniform (across the rotor plane) step change of from 16m/s to 20m/s. Starting at 60 sec shear is introduced so that the turbine is subjected to two nonuniform wind profiles that can be observed in the top plot of Fig. 7 which shows the wind speed at each blade. The nonuniform profile starts when a 10% shear, both vertical and horizontal, is first introduced at 60 sec and then changes when there is a reversal in polarity of both vertical and horizontal shear at 80 sec. The PID/notch controller (blue) does an excellent job regulating rotor speed (LSSV), but does nothing to mitigate the 1P variation in bending moment. The MIMO, plant augmented controller (green) accomplishes both speed regulation and mitigation of the blade root loads. Only the response of blade 1 is shown in Fig. 7 since the response of the other is similar. However, if the dynamics were unique for each blade, this controller would still accomplish perfect asymptotic rejection of 1P variations. The preview controller (red) also displayed in Fig. 7 is explained in the next section. 
V. NEW CONTROL STRATEGIES ENABLED BY NOVEL WIND MEASUREMENT TECHNIQUES
Currently, most control algorithms depend on measurements from turbine structure and drive train for use in the control feedback. Often these turbine measurements are unreliable or exhibit delayed response to disturbances acting on the turbine. This constrains the controls to react to complex atmospheric disturbances after their effects have been "felt" by the turbine. Thus, there is an inherent lag between the time that a disturbance arrives and the time that the control actuator begins to mitigate resulting loads. A considerable advantage in load mitigating capability can be attained by measuring atmospheric phenomena upwind of the turbine before they impact the turbine rotor. The needed control actuation signals can then be prepared in advance and applied as the inflow to the turbine changes with potentially significant load mitigation improvement.
New lidar technologies are capable of measuring velocity upwind of the turbine with sample rates in the 10's of Hz [37] . With these measurements, it is possible to design preview controllers as depicted in Fig. 8 that can adjust pitch (and/or torque) as necessary before wind disturbances arrive at the turbine. The preview control can be designed in unison with the feedback control [36] as depicted in Fig.  9 (a) or separately from feedback [38] as in Fig. 9(b) .
A plant augmented, preview controller is designed with the same techniques as used in the design of the MIMO controller of the previous section. As explained in [36] , the generalized plant approach extends so that a combined feedback and feedforward (preview) controller can be designed. The response of the resulting preview controller is displayed along with that of the PID/notch and MIMO, feedback controllers in Fig. 7 . As expected, the preview controller significantly improves performance without large increases in actuation.
VI. SUMMARY AND ONGOING AND FUTURE CHALLENGES
Proper characterization of the wind inflow to a turbine is important for improved turbine design. Concentrated wind gusts, rapid wind direction changes, or passage of energetic atmospheric structures impose critical loads on individual wind turbines and blades [39] . These extreme events decrease turbine lifetimes, cause component failures, and can even threaten catastrophic machine failure. It is crucial to understand the complex wind inflow to the turbine in order to design load mitigating controls which adequately account for these complex atmospheric phenomena.
Preliminary investigation of preview, feedforward techniques indicate the promise of tantalizingly large improvements in controller performance. Implementation of such methods relies heavily on new measurement technologies that each come with their own, characteristic distortion and noise issues [39] . Even if these prove to be surmountable, there remains the fact that an upstream, wind, velocity profile will hardly be the same when it arrives at the turbine. Modeling the stochastic nature of the change in wind profile as it travels and optimizing feedforward control for operation in the presence of the resulting measurement errors will be pivotal in realizing the anticipated performance improvement from preview control.
Pitch actuation in utility scale turbines is inherently rate limited and this is one of the reasons pre-actuation can provide such large performance gains. In a previous study [40] , excessively high pitch rates were required to obtain similar performance improvements using feedforward without preview techniques. This pitch related limitation may be circumvented with new actuation technologies currently being investigated. These include such devices as trailing edge flaps, micro-tabs, adaptive trailing edge devices, etc. [41, 42] .
New sensors being investigated include localized flow-measuring devices (such as pitot tubes), embedded fiber optic sensors, etc. The goal is to develop "smart" rotor blades with embedded sensors and actuators that provide for blade-local control of aerodynamic effects. The challenges to this new technology include developing new actuators and sensors that are maintenance free, do not require significant extra weight and cost, and are reliable and effective for blade fatigue load mitigation.
In this paper we reviewed regions of wind turbine operation and their associated control objectives. The focus was on methods for speed regulation and structural load mitigation, but the reader interested in other areas will find the references a good starting point. We demonstrated methods for pitch control, both standard and advanced, some of which show great potential for improved performance. In conclusion we have touched on further work which may be pivotal in realizing the improvements that recent research suggests is possible with advanced control methods.
